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Praseodymium-based 1-2-20 cage compounds PrT2X20 (T is generally Ti, V, Nb, Ru, Rh, Ir;
and X is either Al, Zn or Cd) provide yet another platform to study non-trivial electronic states
of matter ranging from topological and magnetic orders to unconventional multipolar orders and
superconductivity. In this paper, we report measurements of the electronic heat capacity in two
Pr-based 1-2-20 materials: PrNi2Cd20 and PrPd2Cd20. We find that the lowest energy multiplet of
the Pr 4f2 valence configuration is a Γ3 non-Kramers doublet and can, therefore, be described as
a two-level system. By analyzing the dependence of the energy splitting between the ground and
first excited singlet states on external magnetic field, we found that the interactions between the
two-level systems are weak in PrNi2Cd20. However, in PrPd2Cd20, the exchange interactions that
ultimately promote magnetic or multipolar order are strong enough and must be taken into account
to accurately describe the dependence of the energy level splitting on external magnetic field.
PACS numbers: 71.10.Ay, 74.25.F-, 74.62.Bf, 75.20.Hr
I. INTRODUCTION
The discovery of the second-order mean-field-like phase
transition in URu2Si2 provides a remarkable example
of an ordered phase with an unknown order parameter,
hence the name ’hidden-order transition’. Since its dis-
covery almost thirty five years ago [1–4], quite significant
experimental and theoretical progress has been made to
get insights into the microscopic mechanism governing
this transition (see Ref. 5 for the most recent review).
In particular, two singlet states of the ground state va-
lence configuration 5f2 of the uranium ions seem to be a
key feature to take into account in trying to identify the
symmetry of the hidden order state [6, 7].
Naturally, one may wonder whether the ’hidden order’
state could emerge in other materials with partially filled
f -orbitals [8, 9]. Based on the body of knowledge accu-
mulated for URu2Si2, the pre-requisite for the ’hidden-
order’ state seems to be that valence configuration of
the f -orbital multiplet should have an even number of
electrons (non-magnetic) and have a non-Kramers dou-
blet as its ground state. At low enough temperatures,
this allows one to represent the f -states on each ion in
terms of two-level systems. Despite the fact that it is not
possible to directly couple to the ’hidden-order’ param-
eter, most likely a multipolar one, interactions between
these two-level systems may then lead to either a ’hidden-
order’ or antiferromagnetic state, depending on the rel-
ative strength of the corresponding exchange parameter
[7, 8].
Relatively novel 1-2-20 cage compounds with the chem-
ical formula PrT2X20 (T is generally Ti, V, Nb, Ru, Rh,
Ir; and X is either Al, Zn or Cd) [10] appear to sat-
isfy these criteria. These materials are remarkable for a
fairly strong hybridization between the conduction and
f -electron states [11, 12]. Furthermore, at very low tem-
peratures some of these materials seem to develop some
type of long-range order: PrIr2Zn20 and PrRh2Zn20 de-
velop superconductivity at T ∼ 0.5 K, PrTi2Al20 and
PrIr2Zn20 develop multipolar orders at Tc ≈ 0.1 K
[11, 13], while the order is still undetermined in PrV2Al20
and PrRh2Zn20 [8, 11, 14, 15].
The Pr ion in PrT2X20 (X =Zn, Al) finds itself in the
4f2 (Pr3+) valence configuration with total angular mo-
mentum J = 4. The nine-fold degeneracy is lifted by
the crystalline electric field resulting in a Γ1 singlet, a
non-Kramers Γ3 doublet, and Γ4 and Γ5 triplet states
also seen in similar Pr-based compounds [10, 16, 17].
Moreover, thermodynamic measurements seem to indi-
cate that the lowest multiplet is a non-Kramers Γ3 dou-
blet [16, 18] which, as has already been noted above,
opens the way for emergence of the exotic multipolar or-
dered phases [19, 20].
PrNi2Cd20 and PrPd2Cd20 are relatively new addi-
tions to the family of the 1-2-20 materials [10], which
do not show any sign of ordering down to temperatures
of T ∼ 0.02 K. Also, it has recently been shown [21] that
the ground state of the Pr ion in these materials is the
non-Kramers Γ3 doublet. In this context, we are moti-
vated by not only confirming this recent finding by using
heat capacity measurements, but also based on the heat
capacity data to determine the strength of the exchange
interactions in these compounds, hence, to predict what
state - superconductivity or some kind of multipolar or-
der - these materials would develop first upon further
cooling into the millikelvin range. More broadly, we are
interested in finding ways to gain additional insight into
the microscopic mechanisms and interactions which fail
to produce the ’hidden-order’ state at high temperatures,
on the scale of T ∼ 20 K, in these new Pr systems.
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2In this paper, we report specific heat measurements
done on single crystalline samples of PrNi2Cd20 and
PrPd2Cd20 in external magnetic fields. Fits of the spe-
cific heat data at temperatures below 4 K, and entropy
calculations from those fits were done to further investi-
gate the ground states of these systems. We found that
the ground state of Pr ion is, indeed, the non-Kramers Γ3
doublet. In addition, we found remarkably accurate fits
of the dependence of the ground state two-level energy
splitting on magnetic field for PrNi2Cd20 by considering
a model of independent (non-interacting) two-level sys-
tems. For PrPd2Cd20 however, accurate fits required the
inclusion of the exchange interactions between the two-
level systems which, at the mean-field level, leads to the
effective reduction of the external magnetic field. Based
on these results, we conclude that interactions that could
have lead to the ’hidden-order’ state in PrNi2Cd20 appear
to be vanishingly small, while the exchange interactions
in PrPd2Cd20 are strong enough to affect the dependence
of the energy splitting on external magnetic field.
II. EXPERIMENTAL DETAILS
Single crystals of PrNi2Cd20 and PrPd2Cd20 were
grown at the University of California San Diego using
the Cd self-flux technique described in Refs. [10, 22].
Analysis of the powder x-ray diffraction (XRD) patters
obtained via a Bruker D8 Discover x-ray diffractometer
was done to determine the crystal structure and quali-
tyof the single crystals [10]. This analysis showed both
samples to be single phase crystals lacking any indication
of impurity phases [10]. The structure for both samples
was determined to be the CeCr2Al20-type cubic struc-
ture, having a space group of Fd3¯m [10, 22].
We performed heat capacity measurements on a ∼= 0.9
mg PrNi2Cd20 sample and a ∼= 1.1 mg PrPd2Cd20 sam-
ple, using the He-3 insert for a Quantum Design Physi-
cal Property Measurement System (PPMS) employing a
standard thermal relaxation technique. For better ther-
mal contact between the samples and measurement plat-
form, the contact surface of each sample was polished
with sand paper. These measurements were performed
in magnetic fields H ranging from 0 to 14 T and in a
temperature range of 0.39 K ≤ T ≤ 50 K.
III. RESULTS AND DISCUSSION
Figure 1 depicts the temperature dependence of
the measured specific heat normalized by temperature
C/T for single crystalline samples of PrNi2Cd20 and
PrPd2Cd20 obtained in zero magnetic field. As can be
seen, both compounds exhibit a clear Schottky-type peak
just below 5 K, with additional upturns seen below 1 K
as well. To investigate these features of the specific heat
further, we examined the 4f electrons contribution to the
specific heat in more detail.
FIG. 1: Temperature dependence of specific heat normalized
by temperature, C/T , for both PrNi2Cd20 and PrPd2Cd20.
The non-magnetic compound LaNi2Cd20 was used to subtract
the phonon contribution to the specific heat to further analyze
the 4− f electron contribution.
In order to extract the 4f electrons contribution to
the specific heat, we subtracted the specific heat of the
non-magnetic analog compound LaNi2Cd20 (data also
shown in Fig. 1) from the specific heat of PrNi2Cd20
and PrPd2Cd20. This subtraction, when done graphi-
cally using an analog compound, rather than using a fit
obtained from a mathematical model, gives an accurate
depiction of the contributions to the specific heat that are
of particular interest, while removing those that are not
[23]. Due to the overlap between the data for PrNi2Cd20
and LaNi2Cd20 in the higher temperature range, where
the phonon contribution to specific heat dominates, the
LaNi2Cd20 data can be subtracted from the PrNi2Cd20
data directly. Given that we did not have specific heat
data available for the non-magnetic analog of PrPd2Cd20,
we utilized the fact that in the higher temperature range
where the lattice (i.e., phonon) contribution dominates,
the slopes of C/T vs T for PrPd2Cd20 and LaNi2Cd20
are very similar. As a result, we scaled the C/T data
of PrPd2Cd20 and LaNi2Cd20 with a scaling factor of
1.085, and then subtracted the LaNi2Cd20 data from the
PrPd2Cd20 data. After subtracting the non-magnetic
contribution from both compounds, we determined the
energy level splitting and the entropy to further study
the ground state structure of the 4f multiplet, as pre-
sented below.
Figures 2(a) and 2(b) and their insets depict, for both
compounds, the temperature dependences of (C−Cph)/T
(the phonon contribution Cph to the specific heat sub-
tracted from the measured specific heat C) on the left
axis and of the entropy S on the right axis. We fitted the
peaks near 4 K (data and fits shown in the insets of the
two figures), and the upturns below 1 K (data and fits
shown in the main panel of the figures) using a two-level
3FIG. 2: Specific heat normalized by temperature, (C −
Cph)/T , (left axis) and entropy S (right axis) as a function
of temperature T for (a) PrNi2Cd20 and (b) PrPd2Cd20. The
main panels focus on the low T upturns, while the insets reveal
the Schottky-type peaks at higher T . Fits of the Schottky-
type peaks (red-dash lines) in both the main panels and insets
were done using a two-level model (see text for details).
Schottky model given by [10]:
(C − Cph)
T
= γ +
A∆2gagbe
−∆/T
T 3
(
gb + gae−∆/T
)2 . (1)
Here γ is the Sommerfeld coefficient, ga and gb are the
degeneracy of the ground and first excited state, respec-
tively, and ∆ is the energy level splitting. In what follows,
we use γ, A, and ∆ as fitting parameters.
By fitting the Schottky peaks present in the two insets
of Figs. 2(a) and 2(b), we obtain values for the energy
splitting between the ground state and first excited state.
We obtained the best fits with ga = 2 and gb = 3. This
implies that the ground state is a non-Kramers doublet
and the first excited state is a triplet excited state. We
obtained ∆ ≈ 12.07 K for PrNi2Cd20 and ∆ ≈ 10.46 K
for PrPd2Cd20, which are in good agreement with values
reported previously [10].
Next, we assume that the Schottky upturns in specific
heat seen below 1 K (main panel of Figs. 2) for each
compound is a result of the lifting of the degeneracy of
FIG. 3: Specific heat normalized by temperature, (C −
Cph)/T , (left axis) and entropy S (right axis) vs tempera-
ture T data measured in an applied magnetic field H of 8 T
for (a) PrNi2Cd20 and (b) PrPd2Cd20. The Schottky peaks
seen just above 1 K is a result of the shift in the peak location
from T < 0.3 K, in response to the 8 T field.
the non-Kramers doublet ground state. Hence, we fitted
these data with Eq. (1) with ga = gb = 1 and obtained
values for the energy splitting between the two levels of
the ground state to be, ∆ ≈ 0.483 K and ≈ 0.418 K for
PrNi2Cd20 and PrPd2Cd20, respectively. We note that
we obtained worse fits of these data by choosing other
values of ga and gb, hence other ground state options.
These results, therefore, further confirm that the ground
state of both compounds is the non-Kramers doublet.
In order to further check the validity of our fits in Fig-
ures 2(a) and 2(b) and their insets and to conclude that
the ground state is, indeed, the non-Kramers doublet, we
also calculated the entropy from the fits of the Schottky
contribution to the heat capacity as
S(T ) =
T∫
0
[C(T )− Cph(T )− γT ]dT
T
, (2)
see dash lines in Figs. 2. Over the temperature range
where Schottky contribution to the heat capacity is dom-
inant, the change in entropy is equal to R ln(ga + gb/ga)
4FIG. 4: Specific heat (C−Cph) vs temperature T data mea-
sured in different applied magnetic fields H for (a) PrNi2Cd20
and (b) PrPd2Cd20.
[24]. As the main panels of Figs. 2(a) and 2(b) reveal,
the entropy of the Schottky peak below 1 K due to the
splitting of the ground state reaches a value of S ≈ 5.7
J/mol K near 2 K for each compound, which is within 1
% of the expected value of Rln2 ≈ 5.76 J/mol K. There-
fore, this result provides further confirmation that the
Γ3 non-Kramers doublet is the ground state multiplet of
both compounds studied here.
In addition, we note that the higher energy multiplets,
specifically the triplet state above the ground state dou-
blet, become accessible as the temperature increases. As
with the lower temperature Shottky peak, we expect the
overall change in entropy after this multiplet is accessed
to be equal to Rln(ga + gb/ga), where now ga = 2, and
gb = 3. Thus we expect a change in entropy equal to
Rln(5/2) ≈ 7.62 J/mol K. As can be seen in the insets
of Figs. 2(a) and 2(b), we obtained S ≈ 7.65 J/mol K for
PrNi2Cd20 and S ≈ 6.99 J/mol K for PrPd2Cd20. These
values are within less than 1 % of the expected value for
PrNi2Cd20, and within 8 % for PrPd2Cd20.
Figures 3(a) and 3(b) show the specific heat for both
compounds measured in a magnetic field of 8 T. These
FIG. 5: Energy gap ∆ vs applied magnetic field H of the
non-Kramers doublet ground state for (a) PrNi2Cd20 and (b)
PrPd2Cd20. The fits of ∆(H) for the two compounds are
discussed in section IV of the text.
results reveal that the zero-field upturns seen in Figs. 2(a)
and 2(b) below 1 K shift to higher temperatures with
increasing applied magnetic field and the peaks that are
not visible in H = 0 down to 0.3 K become visible at
T ≈ 1 K in a magnetic field H = 8 T. Fits of these
Schottky peaks with Eq. (1) with ga = gb = 1 are shown
on the figures in red. We obtained values for the energy
splitting between the two levels of the ground state to
be, ∆ ≈ 0.483 K and ≈ 0.428 K for PrNi2Cd20 and
PrPd2Cd20, respectively.
We note that the upturns observed in these figures for
T ≤ 0.5 K are most likely nuclear Schottky anomalies
since the increase of (C − Cph)/T with decreasing T is
exponential for both compounds studied.
Figures 3(a) and 3(b) also show the entropy (plotted
on the right axes, dashed line) calculated from the fits
of the Schottky peak in 8 T for the two compounds us-
ing Eq. (2). Again, the values of the entropy obtained
through these fits for both compounds are very close to
the expected value of Rln2 ≈ 5.76 J/mol K. This con-
firms that, indeed, the Schottky peak observed in 8 T
5for both compounds is a result of the splitting of the
ground-state Γ3 non-Kramers doublet.
We plot the temperature dependence of the specific
heat C − Cph data for PrNi2Cd20 and PrPd2Cd20 mea-
sured in applied magnetic fields from 0 to 14 T in
Figs. 4(a) and 4(b), respectively. We note that, even
though the ground state valence configuration of the Pr
ions is non-magnetic, the location of the peaks exhibit a
dependence on magnetic field. This dependence for both
materials can be understood using a simple model of in-
teracting two-level systems in an external magnetic field,
which we discuss in the Theoretical Model section below.
By fitting the specific heat data of Figs. 4 with Eq. (1)
where ga = gb = 1, we extract the value of the energy
splitting ∆ between the two levels of the non-Kramers
doublet ground state as a function of magnetic field for
the two compounds. We show these results in Figs. 5(a)
and 5(b). The red solid lines are fits of these data using
a theoretical model, as discussed in the next section.
IV. THEORETICAL MODEL
In order to fit the experimental data for the depen-
dence of the energy splitting on external magnetic field
seen in Figs. 5(a) and 5(b), we consider the following
simple model similar to the one proposed by Haule and
Kotliar [7], which describes the hidden-order transition in
URu2Si2 at the mean-field level. We consider a lattice of
two level systems. At each site, the two-level systems are
described by two states 0〉, and |1〉 that have an energy
level splitting ∆. We write:
Hˆ =
∑
i
(−∆σˆi3 − aµBHσˆi2)+∑
〈ij〉
Jij σˆ
i
2σˆ
j
2. (3)
Here the summation is performed over Pr sites, σi2,3 are
the Pauli matrices which are defined for the basis states
|0〉i, |1〉i of the two-level systems at a given site i, H is
an external magnetic field, and a is a constant. In the
last term of the Hamiltonian in Eq. (3), Jij accounts for
the exchange interaction in the magnetic channel and the
summation goes over nearest neighbors.
In the model Hamiltonian, we have omitted the ex-
change terms ∝ σi1σj1. The only reason this term has
been discarded is that all fits to the experimental data
could be performed without invoking it. In the mean-
field theory [7], these terms are important for the corre-
sponding non-zero expectation value ψ1i = 〈σ1i 〉, which
corresponds to the ’hidden-order’ parameter.
In the absence of the exchange interactions Jij , the
eigenstates of the Hamiltonian are given by:
λ1,2(H) = ∓
√
∆2 + a2µ2BH
2. (4)
Using the λ1(H) to fit the energy gap, seen in Fig. 5(a),
we find almost perfect agreement with a ≈ 1.24. Thus,
based on this we conclude that the two-level systems re-
main essentially decoupled from each other in PrNi2Cd20.
The situation is different for the PrPd2Cd20 sample
that we measured. Specifically, we found that accurate
fits of the energy gap vs H data could only be found if
we include the exchange interaction between the two-level
systems (e.g., the third term in Eq. (3)). To fit the data,
we have to assume that short-range exchange interactions
produce a local field ψi =
∑
j
Jij〈σj2〉 at each site. It then
follows that the lowest eigenvalue of the Hamiltonian in
Eq. (3) is λi = −
√
∆2 + h2i , with hi = ψi − aµBH. We
compute the value of ψi self-consistently by solving the
nonlinear equation ψi = −(hi/2λi) tanh(βλi). Thus, the
non-zero value of ψi is crucial to find an optimal fit to
the data. This indicates that the exchange interactions
in PrPd2Cd20 are strong enough to likely lead to either
magnetic or multipolar ordering instability at very low
temperatures. However, such instabilities have not yet
been detected down to 0.02 K.
V. CONCLUDING REMARKS
We performed specific heat measurements of
PrNi2Cd20 and PrPd2Cd20 in magnetic fields rang-
ing from 0 to 14 T and in temperatures ranging from
50 K down to 0.39 K. Shottky fits of the specific heat
curves show that in both compounds studied the ground
state is the non-Kramers Γ3 doublet, while the first
excited state is a triplet. Entropy calculations provide
further evidence. Through Shottky fits of the specific
heat curves we also extracted the values of the energy
level splitting between the two singlets that make up the
doublet ground state and between the doubly-degenerate
ground state and the triply-degenerate first-exited state.
We also obtained the magnetic field dependence of the
energy level splitting of the ground state. An analysis of
this H dependence of the energy splitting of the ground
state shows that the exchange interactions between
the two-level systems are weak in PrNi2Cd20, but they
cannot be neglected in PrPd2Cd20. These latter results,
therefore, suggest that in the millikelving range of tem-
peratures PrNi2Cd20 could develop superconductivity,
while PrPd2Cd20 will develop long-range order that
could be either multipolar or magnetic.
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